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1. Introduction 
The photochemical reaction of the green sulfur 
photosynthetic bacteria (Chlorobiaceae) is clearly 
very different from that of the purple sulfur and 
non-sulfur bacteria (Chromatiaceae and Rhodospiril- 
laceae). The latter have a quinone-iron complex, with 
an operating midpoint potential near -175 mV, as 
the ‘primary acceptor’ [l-3]. These organisms reduce 
pyridine nucleotides by energy-dependent reversed 
electron flow [3,4]. In contrast, the midpoint poten- 
tial of the ‘primary acceptor’ in green bacteria has a 
substantially lower value, probably near -540 mV 
[5-71, and these organisms are capable of direct 
photoreduction of pyridine nucleotides [3,4,8]. 
However, the chemical identity of the ‘primary 
acceptor’ in green bacteria, such as Chlorobium 
limicola f. thiosulfatophilum, is not clear. In partic- 
ular, there has been disagreement about the role of 
a component exhibiting electron paramagnetic 
resonance (EPR) absorption at g 1.90 and g 1.79 in 
the reduced form. The original report of this com- 
ponent suggested that it was a Rieske-type iron- 
sulfur center [9] with a midpoint potential of 
+160 mV at pH 7 [6]. Similar iron-sulfur centers 
are found in other photosynthetic systems [IO-IS], 
although the Chl. limicola f. thiosulfatophilum center 
was unusual in that it exhibited a pH-dependent mid- 
point potential near neutral pH ([6] c.f. [ 131). In 
contrast, it was proposed [7] that the g 1.90 com- 
ponent is, in fact, a very electronegative component 
of the primary acceptor site and can be photoreduced 
at cryogenic temperatures. The data in [6] was 
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explained [7] as arising from irreversible photo- 
chemistry occurring during manipulations of the 
frozen EPR samples prior to spectrometric analysis, 
pointing out that the Em obtained [6] for the g 1.90 
component was remarkably close to the Em of P-840 
the bacteriochlorophyll primary donor [ 16,171. 
We have re-investigated the primary photochemistry 
of Chl. limicola f. thiosulfatophilum at cryogenic 
temperatures using membrane fragments (chromato- 
phores) and a partially purified bacteriochlorophyll 
reaction center complex (unit membrane vesicles 
[5,18]). We find that the g 1.90 iron-sulfur center 
behaves as would be expected for a Rieske-type com- 
ponent rather than as a component involved in the 
primary photochemistry. 
2. Methods 
Chlorobium limicola f. thiosulfatophilum, strain 
6230 (Tassajara) was grown semi-autotrophically as in 
[ 191 andharvestedbycentrifugationwithoutalum. The 
bacteriochlorophylla reaction center complex (par- 
tially-purified complex I) was prepared as in [5,19], 
except that frozen cells were used and 10 mM sodium 
dithionite replaced sodium ascorbate during prepara- 
tion. The dithionite was removed from the concen- 
trated complex I preparation by passage over a 
Sephadex G- 10 column. Membrane fragments (chro- 
matophores) were prepared from frozen cells by 
passing the cells (after thawing) through a French 
pressure cell twice at 20 000 p.s.i. and collected by 
centrifugation at 144 000 X g after low speed cen- 
trifugation to remove cell debris. 
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Redox potentiometry and the monitoring of light- 
induced A,4 following single-turnover flash-activation 
were performed as in [ 17,201. For most experimental 
points, 8 ff ash-induced responses were averaged. EPR 
spectra were measured at 10 K using a Varian El09 
spectrometer, equipped with a flowing helium cryostat, 
as in [21]. 
3. Results and discussion 
It was suggested [7] that the g 1.90 center in ‘chro- 
matophores’ from green sulfur bacteria could be easily 
photoreduced by room light during sample prepara- 
tion, and thus, explained the midpoint potential near 
+200 mV reported [6] for the g 1.90 component at 
pH 7 as an artifact due to the chemical oxidation of 
P-840 when the potential was raised above +200 mV. 
If P-840 (jYrrr t250 mV [ 16,171) were chemically 
oxidized prior to sample freezing, no photoreduc- 
tion of the g 1.90 component by ambient light would 
be possible. While this explanation ignored the reported 
pH-dependence of the g 1.90 midpoint potential 
(-60 mV/pH, [6]) it might still be valid if P-840 had 
a pH-dependent midpoint. This appeared unlikely as 
all other reaction center bacteriochlorophylls are 
known to have pHindependent midpoint potentials 
[3], but it appeared important to check the effect of 
pHon the midpoint potential ofP-840. Figure 1 shows 
that P-840 in complex I has the same midpoint poten- 
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tial at pH 8.5 (+250 mV) as it does at pH 6.8 [ 171. 
The measured Em for theg 1.90 component at pH 8.5 
is +70 mV [6]. 
Using the measured midpoint potentials of P-840 
and the g 1.90 component at pH 8.5, we have poised 
the redox potential of ‘chromatophores’ to provide 3 
regimes. Poising a sample at Eh +320 mV should chem- 
ically oxidize both P-840 and the g 1.90 center, and 
eliminate all photochemistry. Poising the sample at 
+ 150 mV should chemically reduce P-840, but leave 
theg 1.90 center oxidized, while poising at an ambient 
potential of -60 mV should chemically reduce both 
P-840 and the g 1.90 component. If the g 1.90 com- 
ponent is indeed a component of the ‘primary 
acceptor’, photochemistry should be prevented by 
its prior chemical reduction. Figure 2 shows that this 
expectation, based on the rationale in [7] is not 
realized. The g 1.90 component was completely 
reduced at -60 mV (as would be expected for a com- 
ponent with Em t70 mV) when the sample had been 
exposed to the usual manipulations in dim light. A 
g 1.94 component was also visible, which is presum- 
ably due to the iron-sulfur center with an Em -25 mV 
reported [6]. Upon illumination the signal centered 
near g 2.003 grew significantly, and did not decrease 
when the actinic light was turned off. We attribute 
this signal to P-840’ [5,7]. There was no increase in 
the g 1.90 signal amplitude during or after illumina- 
tion . 
Eh (mv) Eh (mv) 
Figl. Redox titrations of the reaction-center bacteriochlorophylf (P-840) and cytochrome css3. The reaction center complex 
(complex I) (A,,, _ 2 6) was suspended in 20 mM glycylglycine, 100 mM KC1 (pH 8.5) with .5 FM N-methyl phenazonium metho- 
sulfate, N-ethyl phenazonium ethosulfate, 2,3,.5,6,- and ~,~,~,~-tetramethyiphenylenediamine. The AA606_-540 (A) and 
&lj53_-540 (B) after 8 flashes separated by 25 ms is plotted as a function of the ambient potential. The lines drawn are theoretical 
Nernst curves for the titration of P-840, Em +250 mV (A) and cytochrome c5r3, Em +135 mV (B). These values compare with 
+250 mV and +165 mV measured at pH 6.8 [17]. 
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Fig.2. Iron-sulfur center redox states and P-840 photooxida- 
tion at an ambient redox potential of -60 mV. Chrornato- 
phores (equiv. 9.3 mM Cklorobiutn chlorophyll) were sus- 
pended in 50 mM Tris buffer (pH 8.5) with the redox media- 
tors of fig.1 plus pyocyanine, all at 50 PM. Trace 1 (in the 
g 2.0 region} represents the sample in the dark prior to 
i~um~nation while trace 2 was recorded during ilIumination. 
There was no further change in the signal when the light was 
turned off. EPR conditions: frequency, 9.057 GHz; modula- 
tion amplitude, 5 G in theg 2.0 region and 20 G in the 
g 1.93-1.90 region; microwave power, 2 mW in theg 2.0 
region and 10 mW in the g 1.93-l .90 region; temperature, 
10K. 
The response of P-840 to light-at potentials where 
the g 1.90 component was oxidized prior to illumina- 
tion was identical to that observed at Eh -60 mV. 
Figure 3 shows that the lint-induced increase at 
g 2.003 was irreversible at an ambient potential of 
+I50 mV, just as it was at -60 mV. Furthermore, 
light minus dark difference spectra showed that the 
I&t-induced increase in the g 2.003 signal was equal 
in magnitude at the 2 ambient potentials. No absor- 
bance at g 1.90 or g 1.94 could be discerned either 
before or after illumination at +150 mV. In contrast 
to observations made with samples prepared under 
these 2 regimes (-60 mV and i-1 50 mV), no increase 
in the size of the g 2.003 signal was seen during or 
after illumination at an ambient potential of +320 mV. 
These results disagree with those in [7], and are 
inconsistent with a role for theg 1.90 center in prima- 
ry photochemistry atcryogenic temperatures. In agree- 
ment with [7 J we did observe the irreversible appear- 
ance of an EPR signal at g 2.003 upon illumination of 
chromatophores at 10 K, but the ma~itude of this 
signal, and its reversibility, were not affected by the 
prior chemical reduction of the g 1.90 component. 
The observation that no signal attributable to P-840’ 
Fig.3. Iron-sulfur center redox states and P-840 photooxida- 
tion at an ambient potential of +150 mV. Reaction conditions 
as in fig.2. 
is generated in the light at an Et, +320 mV suggests 
that P-840 is chemically oxidized at this potential. 
Thus, the f&, for&840 in chromatophores is probably 
similar to the value of t250 mV measured in complex 
I ([l&17] and fig.1). It would appear that the report 
of a higher value (t330 mV) using optical techniques 
was in error [22]. 
The observation that P-840 photooxidation in 
CM. ~i~~co~a f. rhiosu~fa~~phi~~~ ‘chromatophores’ 
is irreversible at 10 K prompted us to re-investigate 
the reversibility of this reaction [S] in the partially- 
purified reaction-center p eparation (complex I). 
Figure 4 shows that illumination (at 10 K) of eom- 
plex I poised at an ambient potential (-370 mV) 
where photochemistry ispossible, produced both 
irreversible and reversible EPR signals near g 2.0. 
Difference spectra revealed that both the reversible 
(light minus dark after light) and irreversible (dark 
after light minus dark) signals are centered near 
g 2.003 with peak-to-peak line widths near 9 G 
(see IS]). The amplitude of the irreversible signal 
was unchanged even when reaction-center photo- 
chemistry should have been eliminated by either 
the chemical pre-oxidation of P-840 (En +350 mV) 
or pre-reduction of the ‘primary acceptor’ (Eh 
-590 mV). In contrast, the reversible signal was 
essentially eliminated by these treatments (fig.4). 
Similar earlier esults led us to conclude that only 
the reversible signal represented P-840* [S]. The 
species responsible for the irreversible signal has 
not been identified. 
The primary light reaction of green sulfur bac- 
teria, thus, appears to be reversible at 10 K in the 
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2 Eh = -370mv 
g=2.m 
Et, = + %tlmV 
g=2.003 
Fig.4. The effect ofredox potential on the reversible and 
irreversible light-induced g 2.0 signals in complex I. The 
reaction center complex (complex I) (ASI 22.5) was sus- 
pended in 10 mM potassium buffer (pH 7.2), 25% sucrose 
with 10 NM ~,~,~,~‘-tetr~methylphenylenediamine, benzyl 
viologen and methyl viologen. EPR conditions as in fig.2. 
partialfy purified rea~tion~enter complex (complex 
I), (fig.4 and [5]) but irreversible in ‘chromatophores’ 
(fig.2,3 and [7]). This may be because electrons can 
flow from the photoreduced ‘primary acceptor’ to a 
secondary acceptor in ‘chromatophores’, but not in 
complex I. Such secondary electron transfer would 
stabilize P-840’ by eliminating the back reaction 
between P-840’ and the photoreduced primary accep- 
tor. Optical measurements at 5 K raise the possibility 
that the back reaction may become quite slow even 
in complex I when the temperature is lowered below 
10 K 1231. 
We cannot yet identify either the primary or 
secondary electron acceptors of Chl. limicola f. 
thi~sulfat#phi~um~ although the data presented here 
appear to eiiminate the possibility that the g 1.90 
component fulfills either role. No light-induced reac- 
tions of this component were detected at cryogenic 
temperatures in either complex I or ‘chromatophores’, 
and the oxidation state of the g 1.90 component had 
no effect on the reversibility of P-840 photooxida- 
tion. We have no cogent explanation at this time for 
the discrepancy between our results and those in [7], 
who reported photoreduction of a g 1.90 component 
with Em < 500 mV at 15 K. It may be possible that 
Chl. ~irnic~~a f. thi~~u~f~t~phi~~rn possesses 2 EPR- 
detectable centers at g 1.90 and that, due to some 
difference in technique, we detect only a Rieske-type 
center while only a low potential component of 
primary photochemist~ was detected 171. 
Clearly, much work remains to be done on the low 
potential acceptors of green bacteria. Unfortunately, 
this work is greatly hampered by the enormous com- 
plement of light-harvesting pigments [16] in these 
organisms, and the difficulty of obtaining purified 
preparations of the reaction-center complex I at high 
enough concentrations for EPR analysis. Nevertheless, 
it does seem clear that Chl. limicola f. thiusulfatophiium 
contains a Rieske-type iron-sulfur center. Recent 
mutant studies with plants have focused on the 
importance of such proteins in light-driven electron 
flow in these organisms [ 151, and the Rieske center in 
green bacteria may play an equivalent role. 
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